Islets from fed and 24-h-fasted rats were studied immediately after collagenase isolation. (1) After a 24-h fast, the insulin secretory responses to 8 mM glucose measured during perifusion were reduced by more than 90% from islets of fasted donors. (2) Increasing glucose to 11 or 27·5 mM resulted in enhanced insulin secretion from islets of fasted animals. (3) Fasting did not reduce islet insulin content. (4) Responses to 8 or 27·5 mM glucose were not affected if fatty acid-free albumin was used during the perifusion. (5) Inclusion of -ketoisocaproate (5 mM), monomethyl succinate (10 mM) or carbachol (10 µM) significantly amplified insulin release from fasted islets in the simultaneous presence of 8 mM glucose. (6) Phospholipase C activation by glucose, carbachol or their combination was not adversely affected by fasting. (7) The response to the protein kinase C activator, phorbol 12-myristate 13-acetate (500 nM), was reduced by about 60% after fasting. (8) Extending the fast to 48 h resulted in a severe decline in response to 11 mM glucose; however, the further addition of 10 µM carbachol still enhanced release from these islets. The results confirm that caloric restriction impairs islet sensitivity to glucose stimulation and that protein kinase C may be involved in the reduction of glucose-induced insulin release from these islets. The activation of phospholipase C by cholinergic stimulation may contribute to the maintenance of insulin secretion from calorically restricted animals. These results also demonstrate that free fatty acids are not essential for glucose to evoke secretion from isolated islets of fasted donors.
Introduction
The capacity of the pancreatic -cells to adapt their insulin secretory responses to caloric availability is well established. During times of excess caloric intake that occur, for example, during the genesis of obesity, their responses to glucose stimulation are enhanced significantly (Perley & Kipnis 1967 , Kipnis 1972 , Cunningham et al. 1983 , Curry & Stern 1985 , Atef et al. 1991 . During caloric restriction, on the other hand, the glucose responsiveness of the -cell to stimulation is significantly reduced, particularly to modest increments in the prevailing glucose level (Wolters et al. 1977 , Zawalich et al. 1979 , Carpinelli et al. 1986 ). Most recently, it has been proposed that circulating free fatty acids are essential for efficient glucose-induced insulin release from islets of 18-to 24-h-fasted animals (Stein et al. 1996) . This conclusion was based primarily on the findings made with animals fitted with carotid artery and jugular vein catheters exteriorized in the posterior neck. These results (Stein et al. 1996) suggested that the interaction between glucose and fatty acids was much greater than previously appreciated. In subsequent work from the same group, it was concluded that 'were it not for the raised plasma NEFA (nonesterified free fatty acids), the pancreas would be largely blind to glucose when the fast is terminated' (McGarry & Dobbins 1999) .
Standing in apparent opposition to the idea that free fatty acids are essential for efficient coupling of glucose to insulin release are a number of early studies using islets isolated from rats fasted for various times. In these experiments, while islets from fasted donors were less sensitive to modestly stimulatory glucose in the range of 8-10 mM, their sustained secretory responses to higher levels (20-30 mM) of glucose were appreciable and only slightly, if at all, reduced when compared with the responses of islets from fed donors (Pagliara et al. 1975 , Wolters et al. 1977 , Grill et al. 1978 , Zawalich et al. 1979 . A possible contributory factor to this apparent divergence between these early studies (Pagliara et al. 1975 , Wolters et al. 1977 , Grill et al. 1978 , Zawalich et al. 1979 and those most recently published (Stein et al. 1996 , McGarry & Dobbins 1999 was the possible presence of free fatty acids in the albumin used to make up the perifusion medium. In the present series of studies we explored in more detail insulin secretion from rat islets isolated from 24-to 48-h-fasted donors. We repeated earlier experiments using stimulatory glucose alone or in the presence of other fuel or neurohumoral agonists. We also conducted experiments using fatty acid-free albumin. These results demonstrate that under the experimental conditions employed in these studies islets from fasted animals are not blind to stimulatory glucose, to other nutrient regulators of insulin secretion or to cholinergic stimulation.
Materials and Methods

Islet isolation
The detailed methodologies employed to assess insulin output from collagenase-isolated islets have been described previously . Male SpragueDawley rats (body weights at time of study 376-475 g) were purchased from Charles River (Raleigh, NC, USA). All animals were treated in a manner which complied with the NIH Guidelines for the Care and Use of Laboratory Animals (NIH publication no. 85-23, revised 1985) . The control animals had food available ad libitum. The fasted animals were deprived of food but not water for 24-48 h prior to the islet studies. All experiments were initiated at 0800 h. After Nembutal (pentobarbital sodium, 50 mg/kg; Abbott, North Chicago, IL, USA)-induced anesthesia, islets were isolated by collagenase digestion and handpicked, using a glass loop pipette, under a stereo microscope. They were free of exocrine contamination.
Perifusion studies
Groups of 14-18 isolated islets were loaded onto nylon filters (Tetko, Inc., Briarcliff Manor, NY, USA) and perifused in a Krebs-Ringer bicarbonate (KRB) buffer at a flow rate of 1 ml/min for 30 min in 3 mM glucose to establish basal and stable insulin secretory rates. After this 30-min stabilization period, they were then perifused with the appropriate agonist or agonist combinations as indicated in the figure legends and Results section. Perifusate solutions were gassed with 95% O 2 /5% CO 2 and maintained at 37 C. Insulin released into the medium was measured by radioimmunoassay (Albano et al. 1972) . Islet insulin content was determined after the perifusion.
Islet labeling for inositol phosphate (IP) studies
After isolation, groups of 18-26 islets were loaded onto nylon filters, placed in a small glass vial and incubated for 3 h in a myo-[2- H]inositol (specific activity 16-23 Ci/mM) were placed in a 10 mm 75 mm culture tube. To this aliquot of tracer, 250 µl of warmed (to 37 C) and oxygenated (KRB) medium supplemented with 5·0 mM glucose were added. After mixing, 240 µl of this solution were gently added to the vial with islets. The vial was capped with a rubber stopper, gassed for 10 s with 95% O 2 /5% CO 2 and incubated at 37 C. The vials were again gently oxygenated after 90 min. After the labeling period, the islets still on nylon filters were washed with 5 ml fresh KRB.
IP measurements
After washing, the islets on nylon filters were placed in small glass vials. Added gently to the vial were 400 µl KRB supplemented with 10 mM LiCl to prevent IP degradation, and the appropriate agonists as indicated. The vials were capped and gently gassed for 5 s with 95% O 2 /5% CO 2 . After 30 min, the generation of IPs was stopped by adding 400 µl 20% perchloric acid. Total IPs formed were then measured using Dowex columns as described previously (Berridge et al. 1983 .
Reagents
Hank's solution was used for the islet isolation. The perifusion medium consisted of 115 mM NaCl, 5 mM KCl, 2·2 mM CaCl 2 , 1 mM MgCl 2, 24 mM NaHCO 3 , and 0·17 g/dl bovine serum albumin. The 125 I-labeled insulin used for the insulin assay was purchased from New England Nuclear (Boston, MA, USA). The labeled myo-[2-3 H]inositol was purchased from Amersham (Arlington Heights, IL, USA). Bovine serum albumin (BSA; RIA grade), fatty acid-free BSA, glucose, -ketoisocaproate, carbachol, phorbol 12-myristate 13-acetate (PMA) and the salts used to make the Hank's solution and perifusion medium were purchased from Sigma (St Louis, MO, USA). Monomethyl succinate (methyl hydrogen succinate) was purchased from Pfaltz and Bauer (Waterbury, CT, USA). Rat insulin standard (lot #615-ZS-157) was the generous gift of Dr Gerald Gold, Eli Lilly Co. (Indianapolis, IN, USA). Collagenase (Type P) was obtained from Boehringer Mannheim Biochemicals (Indianapolis, IN, USA).
Because of the possible contribution of free fatty acids which might complicate interpretation of the data, the level of free fatty acids in both the RIA-grade albumin and the fatty acid-free albumin were determined spectrofluorometrically. In both instances, the concentration of free fatty acids was below the limits of assay detection which is approximately 50 µM.
Statistics
Statistical significance was determined using the Student's t-test for unpaired data or analysis of variance in conjunction with the Newman-Keuls test for unpaired data. A P value c0·05 was taken as significant. Values presented in the figures and Results represent means .. of at least three observations.
Results
Body weights
The body weights of control animals with food available ad libitum averaged 423 8 g at the time of islet isolation. The body weights of animals fasted for 24 h were initially 423 7 g. After 24-h food deprivation, their weights decreased on average 27·6 g, a loss of 6·8%. Animals fasted for 48 h lost 9·5% of their initial body weight.
Insulin secretory responses to glucose stimulation
In agreement with prior islet or perfused pancreas studies (Wolters et al. 1977 , Grill et al. 1978 , Zawalich et al. 1979 , Stein et al. 1996 using fasted donor rats, islet responses to glucose were altered when compared with those measured from fed animals. Most dramatic were the reductions to an 8 mM glucose stimulus (Fig. 1, top) . For example, 35-40 min after the onset of stimulation, the insulin response from control animals' islets averaged 140 13 pg/islet/ min (n=13) while that from fasted animals' islets averaged only 46 5 pg/islet/min (n=4) at this time. Subtracting prestimulatory insulin secretion rates of 45 5 pg/islet/ min (fed controls) or 38 3 pg/islet/min (fasted animals) in the presence of 3 mM glucose, the decrease in response to 8 mM glucose from fasted islets was greater than 90% when compared with the responses from fed control animals.
Increasing the glucose level to 11 mM resulted in a significant biphasic insulin stimulatory response from islets of fed control animals ( Fig. 1, middle) . Peak first phase release averaged 163 39 pg/islet/min (n=12). Insulin secreted into the final perifusate sample collected 35-40 min after the onset of stimulation averaged 605 59 pg/ islet/min. After a 24-h fast, peak first phase release in response to 11 mM glucose stimulation averaged 57 9 pg/islet/min (n=6). Release rates measured 35-40 min after the onset of 11 mM glucose stimulation averaged 313 67 pg/islet/min from these islets. Correcting for prestimulatory secretory rates measured in the presence of 3 mM glucose, peak first phase secretion and second phase release rates measured 35-40 min after the onset of stimulation were reduced by approximately 85% and 50% respectively.
In response to 27·5 mM glucose, peak first phase release from islets of fed control donors averaged 240 15 pg/ islet/min (Fig. 1, bottom, n=9) . Release rates measured 35-40 min after the onset of 27·5 mM glucose stimulation averaged 801 46 pg/islet/min. After a 24-h fast, peak first phase release rates now averaged 94 29 pg/islet/ min (n=5). Release rates measured 35-40 min after the onset of stimulation averaged 659 87 pg/islet/min (Fig. 1, bottom) . Correcting for prestimulatory secretory rates measured in the presence of 3 mM glucose, peak first phase secretion and second phase release rates measured 35-40 min after the onset of stimulation were reduced by approximately 70% and 18% respectively. During the final 10 min of the perifusion, there was no significant difference between the responses of islets from fed or 24-h-fasted animals.
Insulin contents measured after the perifusion averaged 125 12, 107 6 or 106 6 ng/islet from islets of fed donors perifused with 8 mM, 11 mM or 27·5 mM glucose respectively. Insulin content in islets of fasted animals measured after the perifusion averaged 155 20, 172 19 or 138 22 ng/islet from islets perifused with 8 mM, 11 mM or 27·5 mM glucose respectively.
Based on an earlier report (Stein et al. 1996) , it might be suggested that the profound stimulatory effect of 27·5 mM glucose on insulin secretion from 24-h-fasted rat islets might be a consequence of free fatty acids, an impurity in the RIA grade albumin routinely used in our perifusion studies. To test this possibility, additional studies were conducted using fatty acid-free BSA. Similar secretory profiles were observed in response to 8 mM (results not shown) or 27·5 mM glucose stimulation ( Fig. 2 ) from islets of 24-h-fasted animals irrespective of the type of albumin used. At no time point during the perifusion were significant differences observed.
Insulin secretion from islets of fed and fasted donors in response to alternate nutrient agonists
Based on an earlier study (Stein et al. 1996) and reinforced in a recent article (McGarry & Dobbins 1999) was the concept that the presence of free fatty acids was essential in order for glucose to evoke insulin secretion during and after the recovery from a fast. We next tested, in islets isolated from fasted donors, whether compounds not related to free fatty acids but with established stimulatory effects on the pancreatic -cell, could augment secretion in the presence of 8 mM glucose, a level of the hexose virtually devoid of insulinotropic activity after a 24-h fast. As shown in Fig. 3 , the inclusion of the metabolic fuels -ketoisocaproate (5 mM, Fig. 3, top) , or monomethyl succinate (10 mM, Fig. 3 , bottom) together with 8 mM glucose markedly enhanced insulin secretion from islets of 24-h-fasted donors. When compared with the responses of islets isolated from fed donors, the kinetics of the secretory profile were altered from islets of fasted donors. Release rates rose slowly from these islets and significantly smaller responses were observed throughout most of the perifusion. However, peak release rates comparable to the responses of fed control islets were achieved during the final minutes of the perifusion with each combination of agonists.
Islets responses to cholinergic stimulation after a 24-48 h fast
While a previous study (Stein et al. 1996) suggested that free fatty acids were largely responsible for the maintenance of islet glucose sensitivity during and after food deprivation, we considered the possibility that cholinergic stimulation of the -cell, a normal physiological component of nutrient-regulated insulin secretion (Louis-Sylvestre 1976 , 1978 , Rohner-Jeanrenaud et al. 1983 , may play a role as well. To further explore this concept, islets were isolated from fed controls or donor rats after a 24-h period of food deprivation. Similar to the findings made when alternative fuel molecules were provided to islets from 24-h-fasted donors, a significant enhancement of insulin secretion was noted in response to 8 mM glucose plus 10 µM carbachol irrespective of the nutritional status of the animals (Fig. 4) . However, the response to this combination of agonists was reduced when compared with islets isolated from fed animals.
In additional studies, the period of caloric restriction was increased to 48 h and the glucose level used to stimulate the islets increased to 11 mM. Similar to the situation observed when islets isolated from 24-h-fasted donors were stimulated with 8 mM glucose (see Fig. 1 ), the insulin secretory responses to 11 mM glucose alone were profoundly impaired after a 48-h fast (Fig. 5) . However, Figure 2 Influence of fatty acid-free BSA on islet responses to 27·5 mM glucose. Two groups of islets were isolated from fasted donors. One group (n=5) was stimulated for 40 min with 27·5 mM glucose contained in a medium supplemented with RIA grade BSA (open circles, solid line; this is the same data indicated in Fig. 1 ). The other group of islets (n=5) (open circles, dashed line) was stimulated for 40 min with 27·5 mM glucose contained in a fatty acid-free BSA medium.
Figure 1
Insulin secretion from islets of fed or 24-h-fasted donor rats. Groups of 14-18 islets were isolated from fed (closed circles) or fasted (open circles) donors and perifused. For the initial 30 min, the islets were maintained with 3 mM glucose (G3) to establish basal and stable insulin secretory rates. They were then perifused (indicated by the vertical line) for 40 min with 8 mM glucose (G8), 11 mM glucose (G11) or 27·5 mM glucose (G27·5). Mean values S.E. are given. This and subsequent perifusion figures have not been corrected for the dead space in the perifusion apparatus, 2·5 ml or 2·5 min with a flow rate of 1 ml/min. Note change in insulin release scale for the different graphs. The asterisks indicate significant (P<0·05) differences between responses of fed versus fasted animals.
the additional presence of 10 µM carbachol exerted a significant restorative effect on insulin secretion from islets isolated from 48-h-fasted donors (Fig. 5) .
IP accumulation in islets from fed and fasted donors
A variety of structurally distinct agonists, including glucose, -ketoisocaproate, monomethyl succinate and carbachol, activate phospholipase C (PLC) in islets (Axen et al. 1983 , Best & Malaisse 1983 , Best 1986 , Zawalich 1988b , MacDonald et al. 1989 , Zawalich et al. 1989 , Vadakekalam et al. 1996 . We next explored the potential influence of caloric restriction on PLC activation, monitored by IP accumulation in response to agonist addition. After a 3-h incubation period with [ 3 H]inositol to label their phosphoinositide (PI) pools, islets were stimulated with 8 mM glucose, 10 µM carbachol or their combination. When compared with the IP levels observed in the absence of any added stimulant, 8 mM glucose alone modestly increased IP accumulation in islets of fed donors (Table 1) . A more appreciable effect was observed with 10 µM carbachol alone. However, the combination of 8 mM glucose plus carbachol markedly enhanced IP accumulation, an observation previously reported . Islets isolated from fasted donors responded to stimulation with these agonists in a comparable manner. The response to 10 µM carbachol alone was, however, significantly greater in islets from 24-h-fasted animals.
Effects of fasting on islet responses to the phorbol ester tetradecanoyl phorbol acetate (PMA)
While the activation of PLC by several agonists including glucose was similar in islets isolated from fed or fasted donors, we next explored the possible contribution of protein kinase C (PKC) activation to the reduction in insulin secretion observed after fasting. In these studies, islets from fed or fasted donors were stimulated with 500 nM PMA in the presence of 3 mM glucose. A Figure 3 Insulin secretion from islets of fed or 24-h-fasted donor rats in response to additional nutrient stimulants. Groups of 14-18 islets were isolated from fed (closed circles) or fasted (open circles) donors and perifused. For the initial 30 min the islets were maintained with 3 mM glucose (G3) to establish basal and stable insulin secretory rates. They were then perifused (indicated by the vertical line) for 40 min with 8 mM glucose (G8) supplemented with 5 mM -ketoisocaproate (KIC, top panel, n=5) or for 40 min with 8 mM glucose (G8) supplemented with 10 mM monomethyl succinate (MMSucc, bottom panel, n=4). The asterisks indicate significant (P<0·05) differences between responses of fed versus fasted animals.
Figure 4
Insulin secretion from islets of fed or 24-h-fasted donor rats in response to carbachol stimulation. Groups of 14-18 islets were isolated from fed (closed circles, n=7) or fasted (open circles, n=5) donors and perifused. For the initial 30 min the islets were maintained with 3 mM glucose (G3) to establish basal and stable insulin secretory rates. They were then perifused (indicated by the vertical line) for 40 min with 8 mM glucose (G8) supplemented with 10 M carbachol. The asterisks indicate significant (P<0·05) differences between responses of fed versus fasted animals.
significant impairment in PMA-induced secretion occurred as a result of fasting (Fig. 6 ). For example, while islets from fed controls released insulin at rates of 182 15 pg/islet/min 35-40 min after the onset of stimulation, the response from fasted donor islets was only 92 13 pg/islet/min at this time. Correcting for prestimulatory secretory rates measured in the presence of 3 mM glucose, release rates measured 35-40 min after the onset of stimulation were reduced by approximately 60-65%.
Discussion
The effects of fasting on the secretory responsiveness of the pancreatic -cell has been a topic of investigation for over 30 years (Malaisse et al. 1967) . In spite of this, the biochemical events that initiate the decline in -cell sensitivity to stimulation have yet to be completely elucidated. What has been established is that glucose usage is modestly reduced (Wolters et al. 1977 , Zawalich et al. 1979 , possibly as a result of a decline in glucokinase activity (Malaisse et al. 1976) . Whether altered glucose metabolism is the initial lesion in islets from fasted donors and thus responsible for the decline in glucose-induced secretion is debatable. In two reports (Wolters et al. 1977 , Zawalich et al. 1979 , the decline in glucose usage rates Figure 5 Insulin secretion in response to 11 mM glucose with (+) or without carbachol. Three groups of islets were studied. The first group of islets (closed circles, n=12) were isolated from fed control animals and, after a 30-min stabilization period with 3 mM glucose (G3), they were stimulated with 11 mM glucose for 40 min (this is the same data as in Fig. 1 ). The second group of islets (open circles, solid line, n=6) was isolated from 48-h-fasted donors and treated similarly to the first group. The third group of islets (open circles, dashed line, n=4) was isolated from 48-hfasted animals. They were stimulated during the final 40 min of the perifusion with the combination of 11 mM glucose plus 10 M carbachol. The asterisks indicate significant (P<0·05) differences between the 48-h-fasted islet responses to 11 mM glucose with or without carbachol (the two open circles groups). Groups of rat islets were isolated from fed or 24-h fasted donors and incubated for 3 h in a 3 H-inositol-containing Krebs-Ringer bicarbonate buffer supplemented with 5 mM glucose. After washing to remove unincorporated label, the islets were incubated for 30 min as indicated under Treatment. Lithium chloride (10 mM) was also included to inhibit the phosphatases responsible for IP metabolism. *P<0·05 compared with fed animals under the same treatment.
Figure 6
Insulin secretion from islets of fed or 24-h-fasted donor rats in response to the protein kinase activator, PMA. Groups of 14-18 islets were isolated from fed (closed circles, n=9) or fasted (open circles, n=5) donors and perifused. For the initial 30 min the islets were maintained with 3 mM glucose (G3) to establish basal and stable insulin secretory rates. They were then perifused (indicated by the vertical line) for 40 min with 500 nM PMA in the continued presence of 3 mM glucose. The asterisks indicate significant (P<0·05) differences between responses of fed versus fasted animals.
was not evident after a 24-h period of food deprivation, a time when impaired insulin secretory responses to 8-10 mM glucose were already established (Wolters et al. 1977 , Zawalich et al. 1979 . Other investigators have reported, however, a more rapid decline in glucose usage rates that parallel secretion (Burch et al. 1981) .
Most recently, an essential role for free fatty acids in the maintenance of -cell responsivity to glucose has been proposed (Stein et al. 1996) . This concept was based primarily, but not exclusively, on studies performed with rats fitted with carotid and jugular vein catheters prior to study. Based on their findings, the authors posit (Stein et al. 1996) that 'the high circulating concentration of FFA (free fatty acids) that accompanies food deprivation is a sine qua non for efficient GSIS (glucose-stimulated insulin secretion) when a fast is terminated.' This concept elevates free fatty acids to the status of a major contributor to the maintenance of glucose homeostasis both during and after food deprivation. One potential problem with this idea are the numerous studies showing that while glucose-induced insulin release to modest glucose concentrations may be significantly impaired by fasting, the responses to higher concentrations are left largely intact (Malaisse et al. 1967 , Wolters et al. 1977 , Grill et al. 1978 , Zawalich et al. 1979 .
A potential explanation for the maintenance of glucoseresponsiveness from fasted islets is that the BSA used during islet studies may be contaminated with free fatty acids in amounts capable of influencing secretion. In the present series of studies, we repeated experiments using islets from fed and 24-h-fasted donors. Islets were isolated and immediately perifused to monitor the dynamics of insulin secretion. In some experiments fatty acid-free BSA was employed to eliminate the possible contribution of this fuel substrate to the secretory responses measured. Further comment on our findings is appropriate.
In most studies examining the influence of caloric restriction on -cell responses to stimulation, the animals are simply deprived of food prior to study (Wolters et al. 1977 , Grill et al. 1978 , Zawalich et al. 1979 , Burch et al. 1981 . When subjected to a 24-h fast, the male rats used in these studies lost about 6-7% of their body weight, and this agrees with previous work (Burch et al. 1981) . In the studies reported by Stein and coworkers (1996) , animals were subjected to major surgical procedures prior to fasting. The potential contribution of this manipulation to the results has to be considered. Unfortunately, based on the results presented in this report (Stein et al. 1996) , the recovery and normalization of body weights and food intake prior to the hyperglycemic clamp procedures cannot be assessed. In other words, the effects of an 18-24 h fast on -cell responsiveness in a normal, healthy nonsurgically manipulated rat may be quite different from those in a rat fitted with jugular and carotid artery catheters prior to the fast.
A biphasic pattern of insulin secretion was evoked from islets of fed control animals when the glucose level was increased from 3 mM to 8, 11 or 27·5 mM during a dynamic perifusion. Most dramatic were the second phase responses measured during the later stages of the perifusion, particularly to the higher glucose levels used in these experiments. If one takes into consideration the fact that islets maintained during the entire 70-min perifusion with 3 mM glucose release insulin at rates of about 20-30 pg/islet/min during the last 5 min of the perifusion (results not shown), the response to 27·5 mM glucose amounts to an approximately 30-fold increase in the secretory rate. This response compares favorably with results obtained using the perfused pancreas preparation (Gerich et al. 1974 , O'Conner et al. 1980 , Curry 1986 and indicate that the physiological integrity of the islets has been maintained after collagenase isolation.
When islets isolated from 24-h-fasted donors were perifused, a marked deviation from control islet responses was most evident when 8 mM glucose was used to stimulate them. The response to this hexose level was reduced by more than 90% after fasting. However, increasing the stimulatory glucose to 11 or 27·5 mM enhanced insulin secretion significantly, especially during the sustained second phase response. In fact, peak second phase release rates to 27·5 mM glucose were comparable to those measured from fed animals' islets. The observation that supraphysiological glucose markedly enhances secretion from the islets of fasted animals is compatible with previous reports (Wolters et al. 1977 , Grill et al. 1978 , Zawalich et al. 1979 .
We considered the possibility that the inadvertent contamination of the perifusion medium with free fatty acids contained in the RIA-grade BSA routinely used for the perifusions may be responsible for the marked enhancing effect of high glucose on release from islets of fasted donors. To circumvent this potential problem, additional studies were conducted with fatty acid-free BSA. Glucose (27·5 mM)-induced release of insulin from islets of 24-hfasted animals could not be attributed to the presence of free fatty acids since comparable insulin release rates were measured irrespective of whether RIA grade or fatty acid-free albumin was used during the perifusion.
While the essentiality of free fatty acids in the maintenance of the in vivo responses to glucose has been suggested (Stein et al. 1996) and cannot be excluded by our in vitro studies, we considered the possibility that other compounds with established secretory effects may act in concert with or be capable of substituting for free fatty acids. To explore this issue further, islets from fasted donors were perifused with additional agonists in the simultaneous presence of 8 mM glucose, a level of glucose virtually devoid of any secretory effect after a 24-h fast. In the presence of 8 mM glucose, significant insulin secretory responses to the further addition of 5 mM -ketoisocaproate, 10 mM monomethyl succinate or 10 µM carbachol were elicited from these islets. Even after a more prolonged 48-h period of food deprivation, the insulin secretory response to 11 mM glucose plus 10 µM carbachol was retained, albeit reduced when compared with the responses from fed animals' islets. The reduction in secretion from islets of fasted donors, particularly during the initial minutes of the perifusion with fuel combinations, may be a consequence of reduced islet sensitivity to either the hexose itself or to the alternate fuel. It was not the goal of these studies to determine the specificity of the lesion in fasted islets but to determine if other secretagogues might substitute for fatty acids and support secretion in the additional presence of glucose. Our results with these alternate agonists do not support the suggestion that free fatty acids are essential in the stimulation of secretion from islets of fasted donors.
We have previously proposed that the activation of information flow in the PLC/PKC signaling cascade plays a pivotal role in the biphasic insulin secretory response stimulated by glucose from rat islets (Zawalich 1996) . We based this concept, in part, on the following considerations. First, after an appropriate incubation period with [ 3 H]inositol to label their PI pools, the addition of a stimulatory glucose level to these islets results in a dramatic enhancement of labeled inositol phosphate accumulation or [ 3 H]inositol efflux from these islets (Axen et al. 1983 , Best & Malaisse 1983 , Yamaguchi et al. 1989 , Vadakekalam et al. 1996 , Zawalich 1996 , Zawalich & Zawalich 1996 , findings indicative of PLC activation (Berridge et al. 1982 , Rhee et al. 1989 , Rhee & Choi 1992 , Rhee & Bae 1997 . Secondly, glucose stimulation promotes the translocation of PKC from a predominantly cytosolic compartment to a membrane one , Yedovitzky et al. 1997 and the hexose increases the phosphorylation state of an established PKC substrate . Thirdly, in contrast to rat islets, mouse islets are minimally responsive to glucose stimulation alone , they fail to develop a rising second phase insulin secretory response to glucose (Lenzen 1979 , Berglund 1980 and they are poorly responsive to glucose in terms of PLC activation . These considerations led us to examine the effect of a 24-h period of food deprivation on information flow in the PLC/PKC system.
Our results demonstrate that glucose-or carbacholinduced IP accumulation were comparable in islets irrespective of their prior nutritional status. Most importantly perhaps, from a physiological perspective at least, the combination of fuel and neurohumoral stimulation significantly augmented IP accumulation. On the basis of these results we conclude that the retained activation of PLC plays a potentially important role in the maintenance of insulin release during nutritional deprivation and that the prompt response of this family of isozymes generates the appropriate second messenger molecules to stimulate secretion, albeit at somewhat reduced rates when compared with islet responses of fed controls. However, if the generation of second messenger molecules with the capacity to activate downstream effector proteins including PKC is normal, why is insulin release to 8 mM glucose so profoundly impaired? A possible resolution to this issue may be provided by our studies where islets were stimulated with PMA.
It has been reported previously that the phorbol ester, PMA, whose only established intracellular target is the activation of PKC (Castagna et al. 1982) , stimulates insulin release (Malaisse et al. 1980 . Release by the phorbol ester duplicates, from a qualitative perspective, the slowly rising second phase of glucoseinduced release. Based on this and other observations (Zawalich 1988a , 1990 , Zawalich & Zawalich 1996 , we have proposed that PKC activation contributes to the regulation of glucose-induced insulin release from islets whose physiological responsiveness to stimulation is comparable to that noted with the perfused pancreas preparation (Curry 1986 , Gerich et al. 1974 , Grill et al. 1978 , O'Conner et al. 1980 . In addition, PMA (Niki et al. 1988 , Zawalich et al. 1991 ) and a wide variety of agonists that activate PLC possess the capacity to prime or sensitize islets to subsequent restimulation (Zawalich & Zawalich 1987 . Also referred to as time-dependent potentiation (Grill et al. 1978) , the major effect of priming is a heightened first phase secretory response to glucose stimulation. When islets from fasted donors are stimulated with 500 nM PMA, sustained rates of secretion are reduced about 60%. Consistent with its possible involvement in the physiological regulation of stimulated insulin secretion (Zawalich 1988a , Zawalich 1996 , the altered activation of PKC may contribute to the reduction in islet sensitivity observed after caloric restriction as well.
Several conclusions appear warranted by these observations. First, the observed effect of fasting on glucoseinduced insulin secretion is markedly dependent on the glucose level used to stimulate the islet. Altered sensitivity manifested by an increase in K m but an apparently normal V max for glucose-stimulated insulin release results from short term caloric restriction. Islets are not, however, blind to glucose stimulation, as evidenced from the data in this and previous reports (Wolters et al. 1977 , Grill et al. 1978 , Zawalich et al. 1979 . Secondly, the kinetics of the secretory response to glucose and other agonists are altered. Thirdly, fasting has no adverse effect on islet insulin content, a finding that confirms a previous study (Malaisse et al. 1967) . Thus, impaired release is not a consequence of reduced insulin stores in these islets. Fourthly, a number of agonists not directly related to fatty acids or their metabolism are capable of a significant amplification of release in the presence of 8 mM glucose. Thus, the absolute essentiality of fatty acids in the maintenance of glucose-induced release should be reconsidered. Fifthly, the contribution of cholinergic stimulation to glucose-stimulated insulin secretion after the termination of a fast should be taken into consideration. Mediated by the activation of PLC (Best & Malaisse 1983 , a response that remains intact after 24 h of caloric restriction, the concept that cholinergic stimulation markedly influences release is in accord with the established physiological action of the neurotransmitter during meal ingestion (Loubatieres-Mariani et al. 1973 , Louis-Sylvestre 1976 , 1978 , Zawalich et al. 1989 . Finally, the activation of PKC is reduced after a short-term fast. The observations made with islets isolated from fed or fasted donor animals support the concept that PKC activation may also regulate, at least in part, insulin secretory responses under varying nutritional circumstances.
